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INFRARED HALO EFFECTS AROUND SHIPS

INTRODUCTION

Since the advent of infrared FLIR's, the Navy has made a
significant commitment to modelling the infrared signature of Navy
vessels. In addition, many infrared measurements of ships in a sea
background have been made in order to determine the contrast between a
target (ship) and its background. Since measurements are expensive,
modelling is usually considered as a viable economic alternative. In
order to simulate the iignature of a ship in various environmental
settings, it is necessary to model the entire scene accurately. This
paper considers the ship-sea interface and its effect upon the signature
of the scene.

Over the last few years, thl Navy has been using two ship signature
codes known as SIR• and SIREOS , and a third (SSIRM) has been under
development at NRL . The SIREOS code is essentially an embellishment
of the SIRS code, but neither code considers the reflection of the
ship's thermal emissions off the sea surface. The fact that ship-water
reflections contribute significantly to the infrared signatu~e of a ship
has been observed qualitatively in ship infrared imagery . In this
report a more quan•itative approach will be applied to imagery of the
U.S.S. Ticonderoga , confirming the conclusion that infrared 'halos'
make a significant contribution to ship IR signatures.

The purp.ose of this paper is thus two-fold. First, we motivate the

modelling of the ship-sea interface by examining imagery of the
Ticonderoga In the longwave infrared band. It is shown that the
geometry of the scene has a measurable effect upon the radiometry of the
signature. In the second part of this report we use a one-dimensional
model to examine the radiance of reflections of the ship off the water
to a given point in space. The effect of the emissivity's angular
dependence on the radiance is included, and the total radiance as a
function of view angle is computed.

DATA ANALYSIS: MOTIVATION FOR A HALO MODEL

During the previous year, NRL's Advanced Concepts Branch has
performed extensive infrared measurements of the U.S.S. Ticonderoga at
sea. These measurements were made with an Inframetrics model 210 dual-
band sensor with a NEAT of .1 deg C and a resolution of 2 mr in the LWIH
band (8-12 um). Figure la and lb are examples of Ticonderoga images in
the 8-12 Mm band. Both of these images have been contrast stretched to
enhance the image and to bring out the relevant features for our
discussion.

Manuscript approved December 14, 1984.
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In both the upper and lower images, one can see an apparently
warmer region of the sea just below the ship which is caused by
reflected thermal radiation off the water; this 'halo' effect is most
pronounced near the bow of the ship. In both images, one sees a "'V"?-
shape near the bow which locates the water line of the ship. Inaddition, the spatial spread of the halo extends out more than the

height of the hull due to reflections of thermal radiation from the
superstructure and exhaust stacks. The result is a ship in a brightened
background, hence the term 'infrared halo',

One can get an estimate of how much the halo contributes to the
overall radiance of the scene by enclosing the halo with a boundary and
then computing the mean temperature within that boundary. The same
boundary outline can then be translated to a region of the sea where
neglible ship radiation is reflected to the sensor and the mean
temperature can be computed as before. For the halo pictured in Fig. 2,
the region enclosed in the red boundary was found to have a mean
blackbody temperature of 293.2+0.3 degrees Kelvin. The background
region enclosed within the green boundary has a mean temperature of
approximately 292.3:0.3 degrees. Contrasting the temperature of the
halo with its background yields a mean temperature difference of .9+.5
degrees, which can be an order of magnitude above the sensitivity of
most present day FLIR's.

Although only one set of data has been analyzed here, we have also
observed that as the viewing angle (as measured from the normal to the
sea surface) increases, the size and extent of the halo also increases.
An analysis of the spatial extent of the halo is not considered here,
but is treated in a future report

THEORY, ONE DIMENSIONAL MODEL OF INFRARED HALOS

We wish to point out that an infrared halo around a ship can be
understood ir terms of a simple one dimensional model of the radiative
transfer between the ship, sea surface and sensor. In this model, the
in-band (8-12 um) radiation leaving the sea surface in the vicinity of a
ship consists of two components: emissions from the water arid emissions
from the ship that are reflected off the water (see Figure 3). As the
viewing angle, e, increases beyond 60 degrees, the reflectance of the
sea surface increases rapidly, causing the observed temperature increase
of the sea. For calm sea states and near grazing observation angles we
expect to see a mirror image of the ship's thermal signature below the
water line.

The following assumptions were made in modelling the infrared halo
of a ships

(1) The sea surface is smooth, that is, the wind speed is zero.
(2) The ship can be approximated by a vertical plate.
(3) The ship surfaces have a Lambertian gray-body emittance of 0.9.
(4) The sensor spectral response is one for 8.0<0<12.O 4m and zero

otherwise.
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Non-Haloed Sea Signature

Under the above assumptions, tne radiance reaching the sensor's
aperture which appears to originate from a non-halo area of the sea, L
is represented by the sum of the radiance of the water, Lw, the sensop-
sea path radiance, L , and the reflected sky radiance, L,. Letting
S(X) denote the tra amittanoe of the atmospheric path from the plate to

t~e sensor and e(h,O) the emtttance of the sea water, we can write the
radiance fror,. the non-haloed sea as

V, I. 12.
Lin(S) L pJ(A)dX + (J)c(AiG)L)w(Tw)d + r f'AE1"E(XeJLrdX (1)

where T is the temperature of the sea. Notice t:at no averagAd
quantityes are used in this model, rather, the terms in Eq. (1) are
integrated over t~e 8-12 band. The transmittance, i(A), is computed
using LOWTRAN 5 , modifitd to calculate path radiances using a
technique suggested by Shalom . The emissivity of water, C(O,e), is
calculatid from the real and imaginary parts of the index of,1 5efraction
of water using Fresnel's equations for absorbing media * The
blackbody spectral radiance of the water and ship were calculated from
Planck's law:

Lw(Tw) w 2.0 o1/ A'Eexp(O 2/XT)-I] (2)

where,

a a 5.9547 x 10 ' Watts (micron)a/sr
a2 - 1.4388 X 104 micron K

Halo Signature

The total in-band radiance reaching the sensor's aperture from
haloed portions of the sea can be written as:

LH L j (A)dA + * C p(h,8)L sdX (3)

where:

£, = average LWIR emittance of ship surfaces
C •) a spectral directional retlectance of water

Since the viewing angles we are interested in are near grazing and

the ship surfaces producing the halo are vertical, the emission angle
for the paint is normally less than 60 degrees. Therefore, we expect
the approximation of an angle independent ship emittance to be fairly
accurate since the emittance of a typical paint is usually Lambertian

7" out to about 60 degrees.

Halo-Sea Contrast

The contrast radiance between the hrlo and non-halo portions of the
sea can be written as:

AL = (A)p(A,e)[EsLs - Lr]dX (4)
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We have been primarily interested in cases where the sign of AL is
positive. However, under certain circumstances the halo contrast
radiance may go negative, that is, the ship radiance may be less than
the sky radianoe. For horizontal paths through the atmosphere, Lr is
essentially equal to the radiance of a blackbody at the temperature of
the atmosphere. As the elevation angle increases, the emissivity
decreases rapidly in spectral rogions where the atmospheric absorption
is low. As an example, at 15 degrees up from the horizontal, the sky
radiance at 10 um is already reduced to less than 30% of the 1 Tadiance of
a blackbody at the air temperature of the lower atmosphere Depending
on the relative temperatures of the air and ship, the halo will be
either positive or negative contrast with respect to the sea background.
One situation under which the halo's contrast radiance might be negative
would occur during or after a water washdown of the ship. If the water
temperature is much less than the air temperature and if evaporative
cooling effects are large enough, the ship surface temperatures may be
reduced enough to cause a negative contrast halo.

In Figure 4 we show the angular dependences of the reflectance of
water, averaged over the LWIR (8-12um) and MWIR (3-5um) bands. The in-
band LWIR average transmittance of a U.S. standard atmosphere is shown
as a function of viewing angle a for a constant altitude sensor in
Figure 5. Convolving these two effects and expressing the halo and sea
radiances in terms of a blaokbody equivalent temperature (see Appendix
1) allows one to calculate the apparent temperature increase of the halo
for various sensor viewing angles. These results are shown in Figure 6.
Note the rapid increase in temperature around 60 degrees due to the
water's reflectance, and the subsequent decrease in temperature beyond
80 degrees due to the drop in atmospheric transmittance.

Ship-Halo Contrast

One can also examine the contrast between a ship and its halo. If'
we ignore ra~iation from the water which is reflected off the ship, we
can write the ship-halo contrast radiance as;

LI
AL -*fEc L -.wLw L )dA (5)

If we assume that the water surface is specular, then we can write
Eq. (5) as, 1%

AL w(8 )[cb L - L wdX (6)
*jw 3 s w

The sign of AL will depend on the relative temperatures of the ship
and water, and the value of the ship's LWIR emittanoe. Paints typically
have emittances of .90-.95 in the LWIR band. Major factors affecting
the relevant temperatures include solar loading, air temperatures,
internal heat sources, water washdown, etc.

CONCLUSIONS

In summary, two basic results have been presented in this paper.
First, we have analyzed FLIR imagery in the 8-12pm band and have
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characterized a ship halo in a sea background. We observed from the
image that the mean temperature increase of the halo was at least an
order of magnitude greater than the sensitivity of present day sensors.
Therefore, the halo Is a measureable effect and should be accounted for
in any imaging IR ship model.

Secondly, under several simplifying assumptions, we created a model
to explain the apparent temperature increase of the sea due to the ship-
sea interaction. It was observed that as a result of the angular
dependence of the reflectivity of water, an infrared halo's radiance
also varies with angle. Since the reflectivity of water increases with
the viewing angle, the apparent temperature of the halo also increases.
However, the atmospheric transmittance decreases rapidly for large
angles and thus there is a maximum in the halo temperature around 70-80
degrees. Observations by a sensor near these angles of maximum contrast
can be expected to show a large haloed area of the sea.

* Since we have only considered a very simple model, there are many
additional effects which need to be investigated. First, the spatial
extent of the halo needs to be studied as a function of viewing angle
and hull inclination angle. If one assumes a smooth sea surface, then
it is easy to calculate the bounding lines of the halo. We have
performed this calculation and our results will be presented in a future
report. Second, what happens to the halo and its boundary when the sea
is not smooth? Third, the halo temperature changes during ship
washdowns should be quantified and modelled. Finally, one should also
examine the effect of thin films and sea foam on the halo temperature,
and polarization effects in the reflected radiation. In conclusion, the
radiative transfer between a ship and the surrounding sea can make a

•,• significant contribution to the infrared aignature of a ship and is an
important research area for future IR ship models.
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F~ig. I -- Long wave (8.12,um) Image of USS Ticonderoga
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